. In addition to the mainstream abT cells, minor T cell subsets with distinctive "invariant" TCR structures, NKT cells, and mucosal-associated invariant T (MAIT) cells are, respectively, selected in the context of nonpolymorphic MHC-I-related CD1d and MR1 expressed on hematopoietic cells (thymocytes, B cells) (3, 4) . Involvement of TCR coreceptors in the selection of invariant T cells remains elusive; whereas NKT and MAIT cells may, respectively, exhibit CD4 and CD8 expression during their development, significant fractions of the peripheral invariant T cells express neither CD4 nor CD8 and are recognized as DN abT cells similar to the majority of gdT lineage cells (5) (6) (7) .
Notably, the minor T cell subsets often show the functional characteristics of innate immune cells during inflammation, microbial infection, and even cancer (8) (9) (10) . Although this feature may be attributed partly to the unique TCR specificity for the metabolites in microbial riboflavin metabolic pathways and glycosphingolipids in invariant T cells (11, 12) reminiscent of germline coded "pattern recognition receptors" in innate immune cells (13) , these T cells also express NK cell-related receptors (NKRs), such as CD161 (NK1.1), CD314 (NKG2D), and CD94, and show an immediate response during microbial infection (14, 15) . Also, these minor T cell subsets of both ab and gdT cell lineages tend to show unique tissue residence, including various epithelial tissues directly exposed to external stimuli, such as in the gut, liver, lungs, and skin, and are considered to play important roles in tissuestress responses (7, 15, 16) . It is suggested that the expression of NKRs in these T cells is induced at a late stage of their development, probably at the peripheral tissues (5) .
In our current study, we found that DN abT cells are present in unexpectedly high proportions in bone marrow (BM) but barely in other lymphoid tissues of healthy adult mice. The BM-resident DN abT (BMDNT) cells showed a diverse TCR repertoire and thus were distinct from known invariant T cells. The development of BMDNT cells crucially depended on the thymic Notch ligand Dll4 and IL-7 but was independent of any of the hitherto known restriction elements, MHC-II, or b 2 -microglobulin (b 2 m)-associated MHC-I, CD1d, or MR1. The BMDNT cells became detectable only after birth and were maintained throughout adult stages with "homeostatic" proliferation in the BM environment. BMDNT cells also exhibited functional features of innate lymphoid cells (ILCs) expressing a series of NKRs and were robustly increased and activated in situ in the BM following the systemic administration of TLR ligands. We propose that minor abT lineage cells, by default of thymic selection with specific restriction molecules, may be settled and maintained in BM and play a role in innate immunity in the adult hematopoietic environment.
Materials and Methods

Mice
CD45.2 C57BL/6 (B6), BALB/c, and BALB/c nu/nu mice were purchased from SLC (Shizuoka, Japan), and CD45.1 congenic B6 mice were purchased from Charles River Laboratories Japan (Kanagawa, Japan). Il7 flox/flox mice were previously reported (17) . All the mutant mice, except for Cd1d 2/2 mice, were of a B6 genetic background. In all experiments, age-and sex-matched mutant and cohoused wild type (Wt) mice between 8 and 16 wk of age were used, and the numbers of mice used in experiments are indicated in the figures. All mice were maintained in specific pathogen-free conditions at the Center for Experimental Animals of Kyoto University, and all animal experiments were performed strictly according to the institutional guidelines of the Kyoto University Animal Ethics Committee.
Cell lines
The leukemia cell lines YAC-1, RLmale1, EL-4, and P815 were purchased from American Type Culture Collection and maintained in complete RPMI 1640 medium supplemented with 10% heat-inactivated FCS.
Cell preparation
Murine BM cells were isolated from femurs and tibiae, and peripheral blood cells were obtained by retro-orbital bleed. Lungs were finely chopped and treated with 1 mg/ml collagenase type IV (Sigma-Aldrich, St. Louis, MO) and 100 mg/ml DNase I (Worthington Biochemical, Freehold, NJ) in DMEM containing 2% FCS for 60 min at 37˚C, and the mononuclear cells were isolated by Percoll density gradient centrifugation. Human BM mononuclear cells from healthy donors were purchased from AllCells (Alameda, CA). T cells, B cells, myeloid cells, and dendritic cells were isolated from BM cells by positive magnetic-bead separation with AutoMACS (Miltenyi Biotec, Bergisch, Gladbach, Germany) using PE-conjugated anti-Thy1.2 (53-2.1; eBioscience, San Diego, CA), anti-B220 (RA3-6B2; BD Biosciences, San Jose, CA), anti-CD11b (M1/70; BD Biosciences), and anti-CD11c (N418; BioLegend, San Diego, CA) Abs, followed by anti-PE beads (Miltenyi Biotec). All separated subpopulations were analyzed by FACSCanto II (BD Biosciences), and the purity of the cells were routinely above 80-90% of the intended cell types. Separation of T cell subsets was performed using FACSAria II cell sorter (BD Biosciences).
Conditioned medium
Subpopulations of BM were cultured at 1-2 3 10 6 cells/ml for 24 h, and the culture supernatants were harvested. When indicated, the conditioned medium (CM) was preincubated with anti-IL-1b (B122; Bio X Cell, West Lebanon, NH), anti-IL-6 (MP5-20F3; BioLegend), anti-IL-12 p40 (C17.8; Bio X Cell), anti-TNF-a (MP6-XT22; BioLegend) Abs, or isotype-matched IgG before adding in the cultures.
Flow cytometry
Multicolor flow cytometric analysis was performed with FACSCanto II, and the data were analyzed with FlowJo (BD Biosciences). For the staining of murine cells, the cell preparations were Fc blocked with anti-CD16/CD32 Ab and stained with the following Abs: FITC-conjugated anti-CD4 (GK1.5), anti-granzyme B (GB11), anti-TCRgd (GL3), anti-TCR Va3.2 (RR3-16), anti-TCR Va8.3 (B21.14), anti-TLR9 (M9.D6), and rat IgG2a,k (eBR2a); PE-conjugated anti-a4/b7 Integrin (DATK32), anti-CD3ε (145-2C11), anti-CD49b (DX5), anti-CD94 (18d3), anti-CD122 (5H4), anti-CD127 (A7R34), anti-CD135 (A2F10), anti-c-Kit (2B8), anti-GATA3 (TWAJ), anti-Ki67 (SolA15), anti-Ly49A (YE1/48.10.6), anti-NK1.1 (PK136), anti-NKG2D (CX5), anti-NKp46 (29A1.4), anti-PLZF (9E12), anti-RORgt (AFKJS-9), anti-TCRb (H57-597), anti-TCR Va2 (B20.1), anti-Sca-1 (D7), Armenian hamster IgG (HTK888), mouse IgG2a, k (MOPC-173), rat IgG1, k (RTK2071), rat IgG2a, k (RTK2758), rat IgG2b, k (RTK4530), and rat IgM, k (RTK2118); PE/Cy7-conjugated anti-CD4 (GK1.5), anti-CD8a (53-6.7), anti-EOMES (Dan11mag), anti-T-bet (eBio4B10), anti-TCRb (H57-597), mouse IgG1, k (MOPC-21), and rat IgG2a, k (RTK2758); allophycocyanin-conjugated anti-CD45.1 (A20), anti-IFN-g (XMG1.2), and anti-TCRgd (GL3); allophycocyanin/Cy7-conjugated anti-CD4 (GK1.5), and anti-CD8a (53-6.7); and BV421-conjugated anti-TCRb (H57-597), and BV510-conjugated anti-CD8a (53-6.7) Abs. For the analysis of human BM cells, the following Abs were used: FITCconjugated anti-CD4 (RPA-T4), PE-conjugated anti-NKG2D (1D11) and mouse IgG1,k (MOPC-21), PE/Cy7-conjugated anti-TCRa/b (IP26), allophycocyanin-conjugated TCR Va24-Ja18 (6B11), allophycocyanin/ Cy7-conjugated CD8a (RPA-T8), and BV421-conjugated CD3e (OKT3) Abs. All Abs were purchased from BD Biosciences, BioLegend, eBioscience, and Tonbo Biosciences (San Diego, CA). For the detection of NKT cells, allophycocyanin-conjugated CD1d tetramers (MBL, Woburn, MA) loaded with a-galactosylceramide (Kirin Brewery, Gunma, Japan) were used according to the manufacturer's instructions. For detection of MAIT cells, PE-conjugated MR1 tetramers loaded with the ligand 5-OP-RU provided by the National Institutes of Health Tetramer Core Facility were used (11) . Anti-Mouse TCR Vb Screening Panel (BD Biosciences) and LEGENDScreen Mouse PE Kit (BioLegend) were used for TCR repertoire analysis and surface-marker screening, respectively. Intracellular staining was performed using IC Fixation Buffer (eBioscience) or the Foxp3/Transcription Factor Staining Buffer Set (eBioscience) according to the manufacturer's instructions. Propidium iodide (Sigma-Aldrich) or Ghost Dye Violet 450 (Tonbo Biosciences) was used to exclude dead cells.
Cytotoxicity assay
Sorted BMDNT cells were cultured in complete RPMI 1640 medium with 10% FCS in the presence of 1 ng/ml recombinant human IL-2 (Wako Pure Chemical, Osaka, Japan) and 20 ng/ml murine IL-15 (PeproTech, Rocky Hill, NJ). The BMDNT cells were mixed with target cells labeled using the N-SPC nonradioactive cellular cytotoxicity assay kit (Techno Suzuta, Nagasaki, Japan) at the indicated ratio in 96-well round-bottom plates. Two hours later, the timeresolved fluorescence of europium signal in the supernatants was measured with a multilabel plate reader ARVO X5 (PerkinElmer, Foster City, CA).
Cytokine assay
Sorted BMDNT cells were cultured in the absence or presence of coated anti-CD3ε Ab (1 mg/well, 145-2C11; eBioscience) for 3 d, and cytokines in the supernatant were measured using a mouse cytokine array, Panel A (R&D Systems, Minneapolis, MN) with ImageQuant LAS 4000 instrument (GE Healthcare, Buckinghamshire, U.K.). For intracellular staining of cytokines, cells were stimulated with coated anti-CD3ε Ab, recombinant human IL-2 (1 ng/ml; Wako Pure Chemical), or murine IL-15 (20 ng/ml; PeproTech) for 18 h in the presence of brefeldin A (BioLegend) for the last 4 h, followed by flow cytometric analysis.
Proliferation assay
Sorted BMDNT cells or Thy1.2 + T cells were labeled with CellTrace Violet (CTV) (Thermo Fisher Scientific, Waltham, MA) and cocultured with 2-10-fold various tissue cells pretreated with 20 mg/ml mitomycin C (Kyowa Hakko Kirin, Tokyo, Japan) for 60 min at 37˚C in a 96-well flatbottom plate or a 24-well transwell plate (pore size: 0.4 mm; Corning, New York, NY). When indicated, the BMDNT cells were cultured with diluted CM of sorted BM-CD11b + cells cultured in the absence or presence of 0.1 mg/ml CpG oligodeoxynucleotide (CpG, 5ʹ-TCCATGACGTTCCT-GATGCT-3ʹ, ODN1668; Hokkaido System Science, Sapporo, Japan) for 24 h. When indicated, recombinant murine IL-1b (Wako Pure Chemical) or IL-6 (Wako Pure Chemical) was included in the cultures at 1 ng/ml. In all cases, the cultures were supplemented with 20 ng/ml recombinant murine IL-7 (Wako Pure Chemical) to support cell viability. After culturing, the CTV dilutions at the BMDNT cell gate were analyzed with FACSCanto II.
Real-time quantitative PCR
RNA extractions were prepared using TRIzol reagent with DNase I treatment (Life Technologies, Carlsbad, CA), and cDNAs were synthesized by Superscript II Reverse Transcriptase and Oligo(dT) primers (Life Technologies). Relative quantification of mRNA was performed using an Applied Biosystems StepOnePlus Real-Time PCR System with PowerUp SYBR Green Master Mix (Applied Biosystems, Foster City, CA). The relative transcript levels were normalized to those of b-actin or cyclophilin. Primer sequences were as follows: Il1a, 5ʹ-TTGGTTAAATGACCTG-CAACA-3ʹ and 5ʹ-GAGCGCTCACGAACAGTTG-3ʹ; Il1b, 5ʹ-TGTAAT-GAAAGACGGCACACC-3ʹ and 5ʹ-TCTTCTTTGGGTATTGCTTGG-3ʹ; Tnfa, 5ʹ-TCTTCTCATTCCTGCTTGTGG-3ʹ and 5ʹ-GGTCTGGGCCA-TAGAACTGA-3ʹ; b-actin, 5ʹ-GGCTGTATTCCCCTCCATCG-3ʹ and 5ʹ-CCAGTTGGTAACAATGCCATGT-3ʹ; Ifng, 5ʹ-ATCTGGAGGAAC-TGGCAAAA-3ʹ and 5ʹ-TTCAAGACTTCAAAGAGTCTGAGG-3ʹ; Gmcsf, 5ʹ-GCATGTAGAGGCCATCAAAGA-3ʹ and 5ʹ-CGGGTCTGCACACAT-GTTA-3ʹ; Ccl1, 5ʹ-CCCCTGAAGTTTATCCAGTGTTA-3ʹ and 5ʹ-GCAGC-TTTCTCTACCTTTGTTCA-3ʹ; Ccl3, 5ʹ-CAAGTCTTCTCAGCGCCATA-3ʹ and 5ʹ-GGAATCTTCCGGCTGTAGG-3ʹ; Ccl4, 5ʹ-AGCAACACCATGAAG-CTCTG-3ʹ and 5ʹ-GAGGGTCAGAGCCCATTG-3ʹ; Ccl5, 5ʹ-CCTACTCCC-ACTCGGTCCT-3ʹ and 5ʹ-GCTGATTTCTTGGGTTTGCT-3ʹ; Gzma, 5ʹ-CTCCGTGGTGGAAAGGACTC-3ʹ and 5ʹ-AGAGGTGATGCCTCGC-AAAA-3ʹ; Gzmb, 5ʹ-GACAACACTCTTGACGCTGG-3ʹ and 5ʹ-CGATG-ATCTCCCCTGCCTTT-3ʹ; and Cyclophilin, 5ʹ-GACGAAGGTAGCCA-GTCACAAG-3ʹ and 5ʹ-AATCAGGCCTGTGGAATGTGAG-3ʹ.
May-Giemsa staining
Freshly isolated cells were cytospun onto glass slides (Matsunami Glass, Osaka, Japan) using a CytoSpin 3 (Shandon, Pittsburgh, PA) or were incubated on collagen-coated glass slides (Matsunami Glass), fixed, and stained with May-Grünwald and Giemsa stain solution (Muto Pure Chemicals, Tokyo, Japan).
TLR ligand administration
B6 mice were administered i.p. in a single shot with 50 mg LPS (SigmaAldrich), 50 mg polyinosinic-polycytidylic acid (poly I:C) (SigmaAldrich), or 50 mg CpG (Hokkaido System Science), each in 200 ml PBS or with 200 ml PBS alone.
Statistical analyses
Statistical analyses were performed using the unpaired two-tailed Student t test; the p value ,0.05 was considered to indicate a significant difference. Hierarchical clustering of surface-marker expressions in T cell subsets was performed using JMP software (SAS Institute, Cary, NC).
Results
Postnatal development of a unique abT cell population in BM
In the BM of adult B6 mice, CD3
+ T cells consisted of major TCRb + (abT) and minor TCRgd + (gdT) cells at ∼90 and 10%, respectively. a-galactosylceramide-CD1d
+ NKT cells comprised ∼3% of the abT cells on average ( MAIT cells were detected in the lungs as previously reported (18) (Fig. 1A, left, Supplemental Fig. 1A ). Among abT cells in BM, excluding the invariant T cells, we found unexpectedly high proportions of DN T cells at 10-15% of all abT cells; we also noted more CD8 + T cells than CD4 + T cells in BM as opposed to other lymphoid tissues (Fig. 1A, left) . Such DN abT cells were detected minimally in peripheral blood and other lymphoid tissues (,1%) (Fig. 1A, right, Supplemental Fig. 1B) . The unlike NKT cells, exhibited a diverse TCR Vb-chain expression comparable to SP abT cells (Fig. 1B, left) . These T cells also expressed selected major TCR Va-chains largely similarly to SP abT cells (Fig. 1B, right) , suggesting that the DN abT cells in BM show a diverse TCR repertoire. For comparison, we also surveyed the expression of a series of lymphocyte-related cell surface markers (129 molecules) among DN abT, NKT, CD4 + abT, CD8 + abT, and gdT cells purified from BM. The hierarchical clustering analysis indicated that the DN abT cells showed an overall expression profile closer to gdT cells rather than other abT lineage cells (Supplemental Fig. 2 ). Of note, the ontogeny of DN abT cells in BM showed a quite antithetical profile to that of gdT cells; DN abT cells were undetectable in newborn BM but increased rapidly until 4 wk of age before reaching a steady level in adults, whereas gdT cells were maximal in newborn BM but reduced sharply until 4 wk of age (Fig. 1C) . These results indicate that adult BM harbors a unique abT cell population with no expression of CD4/CD8 coreceptors.
Development of BMDNT cells requires the thymic Notch signal but is independent of known restriction elements for positive selection
The DN abT cells were absent in the BM of adult nu/nu mice like mainstream SP abT cells ( Fig. 2A) . In agreement with the crucial role of the Notch signal in the development of the earliest thymic T cell progenitors (17, 19) , the numbers of SP abT cells in BM were reduced profoundly, if not completely, in FoxN1-Cre:Dll4 fl/fl mice (Fig. 2B) . DN abT cells, as well as NKT and gdT cells, were essentially undetectable in the BM of adult FoxN1-Cre:Dll4 fl/fl mice (Fig. 2B, Supplemental Fig. 3A) . The development of DN abT cells was unaffected in the BM of b2m 2/2 mice, which, as anticipated, showed selective abolishment of CD8 + abT cells and NKT cells (Fig. 2C, Supplemental Fig. 3B ). Similarly, IAb 2/2 mice showed unaffected, or even increased, numbers of DN abT cells in the BM (Fig. 2D) . Although CD4 + abT cells were negligible in the spleen of IAb 2/2 mice (Supplemental Fig. 3C ), the decrease in BM was less dramatic (only ∼50%), similar to that in the thymus (20) (Fig. 2D) . In any case, these results eliminated the possibility that BMDNT cells represented the mainstream SP abT cells that had completely lost their TCR coreceptor expression postthymically. We also confirmed that the development of DN abT cells in BM was unaffected in both Cd1d 2/2 and Mr1
mice, in which the development of NKT cells and MAIT cells, respectively, was completely abolished; it was noted that Wt B6 mice contained more total abT cells in the BM and accordingly more DN abT cells than Wt BALB/c mice (Fig. 2E , 2F, Supplemental , and Mr1 -/-mice. NS, not significant. Fig. 3D, 3E) . Altogether, these results suggest that BMDNT cells are developed in the thymus in a Notch-dependent manner but under no apparent selection via known MHC or MHC-related restriction molecules, and we termed them as BMDNT cells.
IL-7 and IL-15 play essential and mutually nonredundant roles in the development and maintenance of BMDNT cells IL-7 also plays an important role in thymic T cell development (21) , and all T cell subsets were essentially undetectable in the spleen of Il7 2/2 mice as reported, including SP abT cells, invariant abT cells, and gdT cells (data not shown). In BM, the decrease of mainstream CD4 + and CD8 + abT cells was less prominent, with residual T cells at ∼50 and 20% of Wt levels on average, respectively (Fig. 3A) . However, BMDNT cells were almost completely absent in the BM of Il7 2/2 mice along with gdT cells (Fig. 3A) . In contrast, IL-15 is dispensable for the thymic development of mainstream abT cells (22) . In BM, whereas CD4 + abT cells were unaffected, CD8 + abT cells were significantly reduced in agreement with the report that Il15 2/2 mice show impaired development or maintenance of peripheral memory phenotype CD8 + T cells (22) , which are dominant in BM (23) (Fig. 3A, right) . Unexpectedly, however, BMDNT cells were completely absent either in the BM of Il15 2/2 mice, whereas gdT cells were reduced only partially (Fig. 3A, right) . To investigate the possibility for the postthymic requirement of these cytokines in the development of BMDNT cells, we examined the responsiveness of the BMDNT cells to them. Although BMDNT cells freshly isolated from BM exhibited CD127 expression essentially comparable to mainstream CD4 + and CD8 + abT cells (Fig. 3B, left) , the great majority of BMDNT cells exhibited much higher levels of CD122 expression than SP abT cells (Fig. 3B, right) . Further, the BMDNT cells showed significant cell divisions in culture in the presence of IL-15 but not in the presence of IL-7 (Fig. 3C) , suggesting that IL-15 may play a role in their postthymic development and/or maintenance in BM. Phenotypically, BMDNT cells hardly expressed Sca-1, c-Kit, and Flt3, unlike ILCs without TCR expression (24) , but strongly exhibited a4/b7 integrin expression (Fig. 3D) . Although these T cells exhibited RORgt and weak EOMES expression, they showed an undetectable expression of GATA3, T-bet, and PLZF (Fig. 3E) . These results suggest that the thymic and postthymic peripheral development of BMDNT cells crucially require IL-7 and IL-15.
BMDNT cells express multiple NKRs with a potent NK-like cytotoxic activity and secrete a unique set of cytokines including IL-17 on TCR stimulation
The BMDNT cells freshly isolated from BM were blastic lymphoid cells larger than mainstream abT cells and comparable to NK cells (Fig. 4A, left ) and tended to be spread when incubated on biomatrix (Fig. 4A, right) ; the freshly sorted cells may appear larger because of cytospin before staining. Also, BMDNT cells strongly expressed a series of NKRs, including NK1.1 (CD161), NKG2D (CD314), CD94, NKp46 (CD335), Ly49A, and VLA2 (CD49b), and exhibited a spontaneous cytotoxic activity against certain tumor cells reminiscent of NK cells at a relatively low E:T ratio (25) (Fig. 4B) . Upon TCR stimulation with anti-CD3 Ab alone, the sorted BMDNT cells secreted a unique set of cytokines (IL-17, GM-CSF, IL-3, and to a much lesser extent, IFN-g) and CCL-type chemokines (CCL1, 3, 4, and 5) capable of inducing proliferation and chemoattraction of myeloid cells (26) (27) (28) (Fig. 4C) . In the presence of costimulatory IL-2, anti-CD3 Ab and, to a lesser extent, IL-15, also caused a remarkable increase in the intracellular granzyme B and IFN-g (Fig. 4D) . These results suggest that BMDNT cells are bifunctional, bearing NKR-mediated cytotoxic and TCR-mediated proinflammatory activity. We also investigated the BM cells from healthy adult humans and found a small yet significant CD3 + DN TCRab + cell population, the great majority of which strongly expressed NKG2D similarly to the murine BMDNT cells (Supplemental Fig. 4 ).
BMDNT cells are homeostatically proliferated in BM environment via IL-1b derived from normal myeloid cells
Given the blastic morphology of freshly isolated BMDNT cells, we examined their cell cycling states in vivo. In BM, BMDNT cells showed a significantly higher proportion of Ki67 + cells than SP abT cells (Fig. 5A) (Fig. 5B) . Also, the BMDNT cells sorted from B6 BM showed comparable proliferation in the presence of syngeneic and allogeneic cells (62.1% with B6 spleen cells and 63.4% with BALB/c spleen cells), whereas BM CD8 + abT cells exhibited robust cell divisions only in response to allogeneic cells as expected (14.2% with B6 spleen cells and 82.9% with BALB/c spleen cells). The proliferation of BMDNT cells also occurred in the presence of CD11b + cells separated with cell-impermeable filters (Fig. 5C ), indicating the involvement of myeloid cell-derived soluble factors. Consistently, the CM of BM CD11b + cells induced significant BMDNT cell proliferation; however, the effect was almost completely abolished in the presence of anti-IL-1b Ab, whereas Abs for IL-6, IL-12, and TNF-a were without effects (Fig. 5D) . Further, the remarkable proliferation of isolated BMDNT cells, but not SP abT cells, was induced in the presence of IL-1b but barely in the presence of IL-6 (Fig. 5E) ; gdT cells were also proliferated in response to IL-1b as reported previously (29), although the extent was less than that of BMDNT cells (Fig. 5E) . Although IL-15 was capable of inducing the cell divisions of isolated BMDNT cells (see Fig. 3C ), the CD11b + cells from Il15 2/2 mice caused BMDNT cell divisions comparable to those from Wt mice (Fig. 5F ), indicating that the mitogenic effect via the BM CD11b + cells was not accounted for by IL-15, which is derived from BM stroma cells (30) . The results suggest that BMDNT cells are homeostatically proliferated in BM via IL-1b derived from normal myeloid cells that are most abundant in normal hematopoietic environment.
The proliferation of BMDNT cells is rapidly accelerated in situ following systemic administration with TLR ligands
Although a significant proportion of BMDNT cells were in a cycling state at a steady-state, the proportion of Ki67 + cells was increased rapidly and remarkably following the systemic administration of various TLR ligands, including CpG (TLR9-L) and, to lesser extents, LPS (TLR4-L) and poly I:C (TLR3-L), resulting in the selective increase in BMDNT cell proportions among the abT cells in BM (Fig. 6A) . The increase in Ki67 + BMDNT cells occurred as early as 48 h after TLR ligand administration, and this was reflected by a marked increase in the actual numbers of BMDNT cells in BM by 72 h (Fig. 6B) , whereas the numbers of BM SP abT cells tended to be rather decreased (Fig. 6C) . Such an increase in DN abT cells was not observed in peripheral blood or other peripheral lymphoid tissues after CpG administration the level of DN abT cells remained at ,1%, suggesting that the proliferation of BMDNT cells took place in situ within a BM environment. Although BMDNT cells exhibited intracellular TLR9 expression largely comparable to mainstream SP T cells (Fig. 6D, left) , CpG alone hardly induced the proliferation of isolated BMDNT cells in culture (Fig. 6D, right) . However, BMDNT cells exhibited markedly enhanced proliferation in the presence of CM from BM CD11b + cells cocultured with CpG compared with that from CD11b + cells without CpG (Fig. 6D, right) . We also found that Il1b and Il1a, but not Tnfa, transcripts were increased in the BM CD11b + cells 1 d after CpG injection (Fig. 6E) . Further, BMDNT cells isolated from the BM of mice that had been injected with CpG 2 d before revealed a markedly increased expression of Gzma, Gzmb, Gmcsf, Ifng, and Tnfa compared with those from PBS-injected mice (Fig. 6F) . These results suggested that the proliferation and function of BMDNT cells are rapidly enhanced by systemic TLR ligands, most likely via the augmented IL-1b production by myeloid cells in the BM microenvironment.
Discussion
BM is an essential hematopoietic tissue for both erythromyeloid and lymphoid lineage cells in healthy adults. In addition, BM also functions as a storage site for fully differentiated Ab-producing cells as well as memory T cells and may even support the initiation of immune responses (31) (32) (33) . A minor population of ab lineage T cells exhibiting neither CD4 nor CD8 TCR coreceptor expression has been reported to be present in various tissues in healthy and pathological conditions (6, 16, (34) (35) (36) . In the current study, we have identified a unique BM-resident DN abT (BMDNT) cell population in healthy adult mice, which are apparently distinct from mainstream abT cells and known invariant T cells.
Like mainstream SP and invariant abT cells (21, 37), the development of BMDNT cells was dependent on the thymus and, in particular, the Notch ligand (Dll4) on the thymic epithelial cells as well as IL-7. However, genetic analysis revealed that the development of BMDNT cells was unaffected in mice deficient in MHC-I and MHC-II, showing defective development of CD8 + and CD4 + SP abT cells, respectively, and thus it was strongly suggested that the BMDNT cells were developed in a manner distinct from SP abT cells in the thymus rather than merely represented the SP abT cells that somehow lost their coreceptor expression postthymically. Further, BMDNT cells apparently showed a diverse abTCR repertoire, and mice deficient in CD1d and MR1 with defective development of invariant NKT and MAIT cells, respectively (3, 38) , also exhibited BMDNT cell development comparable to Wt mice. These results have suggested that BMDNT cells are developed in the thymus by default of TCRbased positive selection via restriction molecules, although a possibility remains that these abT cells are selected via hitherto unknown restriction elements. A similar default developmental pathway has been proposed for gd17 cells of gdT lineage T cells
The Journal of Immunology were pooled for an experiment, and independent experiments were done three times with similar results. The BMDNT cells showed a remarkable increase in the expression of cytotoxicity-related (Gzma, Gzmb) and proinflammatory (Gmcsf, Ifng, Tnfa) genes following CpG administration. (39, 40) . The TCRs of BMDNT cells are functional, in that these cells secreted a unique set of cytokines on anti-CD3 Ab stimulation, including IL-17, GM-CSF, IL-3, and CCL-chemokines, all of which affect the myeloid cell proliferation and function (28, 41, 42) ; this was consistent with the strong expression of RORgt with negligible GATA3 and T-bet expression. With the TCR costimulation with IL-2, BMDNT cells also produced IFN-g and abundant granzymes. These results may suggest that BMDNT cells are functionally programmed for cytotoxic and proinflammatory activity.
BMDNT cells freshly isolated from BM also expressed a series of NKRs, such as NK1.1, NKG2D, CD94, and NKp46, and exhibited a potent NK-like spontaneous cytotoxic activity against certain tumor cells. The features of ILCs may be shared among minor T cell subsets, including invariant T cells and gdT cells (9, 43) , which often show unique tissue residence (44, 45) . The expression of NKRs in these T cells is suggested to occur at a late stage of their development, probably at the peripheral tissues, rather than during the thymic development (5) . Notably, whereas IL-15 is dispensable for mainstream SP abT cell development (22) (30) and IL-1b secreted from myeloid cells, both playing distinct roles in supporting the development and maintenance of BMDNT cells in the BM environment. Besides homeostatic proliferation in the BM, the cell cycling rates of BMDNT cells were rapidly and robustly accelerated following systemic administration of TLR ligands, most potently CpG, and accordingly, the numbers of BMDNT cells were increased remarkably and selectively within 3 d. Such an increase was confined to BM, suggesting that the cell divisions of BMDNT cells occurred in situ within BM. It was suggested that the effects were attributed to the activation of CD11b + myeloid cells with CpG, in that the CM of CpG-treated BM CD11b + cells induced greater proliferation of BMDNT cells than that of untreated CD11b + cells, whereas CpG alone caused negligible proliferation of BMDNT cells in vitro. Because Il1b transcripts in BM CD11b + cells were increased after CpG administration, it is quite likely that the enhanced cell cycling rate of BMDNT cells is attributed to the increased IL-1b production by myeloid cells. The BMDNT cells from CpGinjected mice also revealed a remarkably increased expression of cytotoxic and inflammatory genes, such as Gzma, Gzmb, Gmcsf, Ifng, and Tnfa, suggesting that BMDNT cells play a role in innate immunity against blood-born microbes invading the BM hematopoietic environment. It is reported that DN abT cells exist in other solid organs, such as livers and kidneys (16, 46) . Although the population seems to consist of heterogenous cell types, at least a portion of the DN abT cells in normal kidneys are suggested to develop in a classic MHC-independent manner (47, 48) . Further, such kidney resident T cells show spontaneous cell cycling at a steady-state and respond immediately against tissue insults (48) . It remains to be investigated whether the similar mechanisms for the development and maintenance of BMDNT cells are involved in other resident DN abT cells in epithelial tissues.
In conclusion αβT cells, the great majority of which constitutively expressed high levels of NKG2D.
